Hydroponically raised thirteen-day-old maize plants were subject to S-deprivation for ten days and the fluctuation of water soluble protein fraction (WSPF) content along with the SOD and the CAT activities were comparatively monitored in leaf blades, sheaths and roots. S-deprivation progressively diminished WSPF first in the sheaths, two days later in the blades, and four days later in the root. SOD activity per mg WSPF decreased at d2, whilst it increased for the next four days. After d6, SOD activities of roots and sheaths decreased, followed by the blades at d10. CAT activity per mg WSPF at d2 decreased only in blades, whilst increased in both sheaths and roots (more in sheaths). After d6 decreased CAT activity was found only in roots. No other decreases were observed in blades and sheaths. SOD and CAT specific activities on DM basis presented an oscillation pattern with the increase of DM. S-deprivation altered this picture, by reversing the oscillation pattern and by decreasing the trendlines. SOD specific activity initially decreased in -S sheaths and roots, whilst it remained unchanged in -S blades. Then it increased abruptly, decreased in an exponential manner and stabilised in all three organs. S-deprivation caused an early fluctuation of the CAT activity and then diverse responses; in blades a late increase in CAT activity was observed and decreases in the other two organs. S-deprivation seemed to reverse the oscillation pattern of CAT specific activity differentially for each organ type.
Introduction
Various abiotic stresses lead to the overproduction of reactive oxygen species (ROS) in plants, in which the superoxide anion ( 2 O ) and the hydrogen peroxide (H 2 O 2 ) are included. Therefore, plants possess very efficient antioxidant defense systems which scavenge ROS and prevent damages caused by ROS [1] . Superoxide dismutase (SOD) and catalase (CAT) comprise two enzymatic components of the antioxidant equipment of the various plant tissues. SOD (EC 1.15.1.1) removes 2 by catalysing its dismutation and producing H 2 O 2 and O 2 , whilst CAT (EC 1.11.1.6) catalyses dismutation of H 2 O 2 into H 2 O and O 2 and is indispensable for ROS detoxification during stress causing conditions. The balance between SODs and the different H 2 O 2 -scavenging enzyme activities in cells is considered to be crusial in determining the steady-state level of 2 In recent years, new roles for ROS have been identified as controllers and regulators of various biological processes, among them growth, cell cycle, development and abiotic stress responses [2] .
Sulfur (S) deficiency of crops has been reported with increasing frequency over the past two decades on a worldwide scale. The main reasons are the reduction of sulfur dioxide emission from power plants and various industrial sources, the increasing use of high-analysis low-S-containing fertilizers, the decreasing use of S-containing fertilizers, the decreasing use of S-containing fungicides and pesticides and high-yielding varieties [3] . Maize (Zea mays, Poaceae) is one of the world's leading cereal crops along with rice and wheat [4] and a synopsis of the responses to S limitation in maize has been provided [5] .
In this study thirteen-day-old maize plants were subject to S-deprivation for ten days; the fluctuations of SOD and CAT activities were comparatively monitored in leaf blades, sheaths and roots and analyzed in terms of the corresponding fluctuations of water soluble protein fraction and the dry mass accumulation in each organ, which were affected by the deprivation.
Materials and Methods

Plant Material and Hydroponics Set Up
Maize hybrid LG-2447 was seeded in pots containing a commercial peatbased growing medium and placed in a growth chamber at 22˚C, 65% relative humidity, 16 h light/8 h dark, and 250 mmol photon m −2 ·s −1 . After eight days, the plants were removed from the pots and the roots were washed with water to remove soil particles. The plants were transferred to hydroponic batch culture system under the same environmental conditions. The hydroponic system consisted of 10 L tanks ( 
SO
 for the first day, 0.5 mM for the next two days, and 1 mM for another two days. Then half of those plants continued to grow in the nutrient solution containing 1 mM (control C), while the rest of them grew in nutrient solution without (-S) for 10 days. Nutrient solutions were changed every day each ( Figure  1 ). 
Water Soluble Protein Fraction
Water soluble protein fraction (WSPF) in preparations of enzymes was quantitated by the Bradford method, a protein-dye binding assay based on the color change occuring in Coomassie Brilliant Blue G-250 when it binds to protein, using bovine serum albumin as the standard [6] .
Enzyme Extraction and SOD and CAT Activity Determinations
Plant tissue, 1 g, was homogenized in 8 mL 50 mM phosphate buffer (pH 7.0), containing insoluble polyvinylpyrrolidone. The homogenate was centrifuged at 10000 g for 15 min and the supernatant obtained was used as enzyme extract. An aliquot of the extract was used to determine its protein content. All steps in the preparation of the enzyme extract were carried out at 0˚C -4˚C. The activity of SOD (EC 1.15.11) was assayed by measuring its ability to inhibit the photochemical reduction of nitro blue tetrazolium (NBT), using the method of Dhindsa et al. (1981) [7] with modifications. The 3 ml reaction mixture contained 50 mM phosphate buffer, pH 7.8, 13 mM methionine, 75 μΜ NBT, 2 μΜ riboflavin, 0.1 mM EDTA, and 0 -300 μl enzyme extract. Riboflavin was added last and the tubes were shaken and placed 30 cm below a fluorescent-light bank (200 μmol·m −2 ·s
−1
). The reaction was started by switching on the light and was allowed to run for 15 min. The reaction was stopped by switching off the light and the tubes were covered with a black cloth. The absorbance by the reaction mixture at 560 nm was read. A non-irradiated reaction mixture did not develop colour and served as control. The reaction mixture lacking enzyme developed the maximum colour and this decreased with increasing volume of enzyme extract. The volume of enzyme extract corresponding to 50% inhibition of the reaction was considered as one enzyme unit. To express the enzymatic activity of SOD in nkat (nmol substrate·s concentration was recorded. 20 μL of H 2 O 2 30% solution were added and after 1 min the final oxygen concentration was recorded. The difference in oxygen concentration corresponds to oxygen produced due to the action of catalase. 1 U is the amount of enzyme that produces 1 μmol·O 2 ·min −1 . 1U = 33.33 nkat H 2 O 2 .
Statistical Analysis
Three separate hydroponic experiments were conducted and three replicates per sample were separately analyzed. The significance of differences between means of C and -S data sets was evaluated using a two-tailed t-test at p = 0.05, and when significant the percent of the relative change was calculated. A curve based on the calculation of the moving average of 2 nd order was applied to the time-course of C and -S data to visualize the fluctuations during the treatment in each case (i.e., for each day the average between this day and the previous one was calculated; then, the averages were connected by a line). Regression analysis was performed using R (R Development Core Team, 2011) [9] , according to Crawley (2007) [10] .
Results
The Effect of S-Deprivation on Water Soluble Protein Content
Water soluble protein fraction (WSPF) increased with a similar pattern in all organs of plants grown in full nutrient solution (Figures 2(a)-(c) ). S-deprivation progressively diminished WSPF. The effect of S-deprivation was the same in both blades and sheaths (Figures 2(d) , and (e)). In sheaths, the initiation of the decrease was observed at d2 (−16.7%) and in blades at d4 (−20.0%, Table 1 ). In roots, the effect of S-deprivation differed. An increase in WSPF appeared as an early effect (22.3% at d2) followed by decrease from d6 onwards ( Table 1 (Figure 2(j) ), whilst in root the fluctuation pattern reversed (Figure 2(l) ).
The Effect of S-Deprivation on Superoxide Dismutase Activities
In plants grown in full nutrient solution SOD activity per mg WSPF presented a similar pattern in all organs: a minimum appeared at d4, then the activity increased with a rather comparable manner (Figures 3(a)-(c) ). S-deprivation caused a decrease in SOD activity per mg WSPF at d2 followed by a significant increase the next two days in all organs. After d6 decreases were observed, the larger being in the roots and the smaller in the blades (Table 1). Negative correlations between the control and the SOD activity per mg WSPF of the -S organs were found (Figures 3(d)-(f) ), visualized by applying a trendline of power type. The -S impact was weaker in the blades (the exponent of the function for the blades n = −0.1899, was the lowest among the other ones) and stronger in the root (n = −0.6161). Taking under consideration that the extracted SOD protein is part of WSPF, correlation with it showed that SOD activity per WSPF increased with WSPF in blades and sheaths, whilst slightly decreased in the roots. S-deprivation clearly affected this picture: SOD activity per WSPF presented increased trendline in -S blades (Figure 3(g) ) and a decreased one in -S roots (Figure 3(i) ), whilst it remained rather unchanged in -S sheaths (Figure 3(h) ). Especially in the roots the fluctuation of SOD activity per WSPF relative to the increasing WSPF (Figure 3(i) ) was much greater compared to that of sheaths and blades. SOD specific activity per DM presented an oscillation pattern with the increase of DM. In plants under full nutrient solution the trendline of this pattern increased in all three organs (Figures 3(j)-(l) ). SOD specific activity initially increased (in blades, Figure 3(j) ) or remained more or less the same (sheaths and roots Figures 3(k)  and (l) ). Then a characteristic decrease was observed in all three organs that reached the same minimum value of 4 nkat·gDM −1
. S-deprivation altered this picture, by reversing the oscillation pattern and by decreasing the trendlines (Figures 3(m) and (o) ). SOD specific activity initially decreased in -S sheaths (Figures 3(n) ) and -S roots (Figure 3(o) ) or remained unchanged in -S blades (Figure 3(m) ). Then it increased abruptly reaching a maximum of 11 -13 nkat·gDM −1 and subsequently it decreased in an exponential manner and stabilised in all three organs.
The Effect of S-Deprivation on Catalase Activities
In full nutrient solution CAT activity per mg WSPF increased in blades (Figure 4(a) ), remained rather stable in sheaths (Figure 4(b) ), whilst in roots remained rather 
Figure 3. The effect of the S-deprivation on superoxide dismutase (SOD) activity; closed circles: plants in full nutrient solution, open circles: plants under S-deprivation. (a)-(c) Temporal changes in SOD activity per WSPF of blades, sheaths and roots respectively; (d)-(f) Correlation of the SOD activity of -S organs (y-axis) against the control ones (x-axis); (g)-(i) SOD activity per WSPF of the control organs relative to the increase of WSPF; (j)-(l): The specific SOD activity per dry mass of the control organs relative to the increase of dry mass; (m)-(o)
The corresponding specific SOD activity per dry mass of the -S organs relative to the increase of dry mass. The trendlines are of power type and the value of the exponent (n) is provided. stable for a week and then increased significantly (Figure 4(c) ). S-deprivation caused an early fluctuation of the activity and then diverse responses. It is remarkable that at d2 CAT activity per mg WSPF decreased in blades, whilst in increased in sheaths and roots ( Table 1) . Correlation of the results of CAT activity per mg WSPF between the treatments found to be positive for blades and roots (Figures 4(d) and 4(f) ) and negative in sheaths (Figure 4(e) ). In control plants CAT activity per mg WSPF increased in blades (Figure 4(g) ) and roots ( Figure 4(i) ) and slightly decreased in sheaths (Figure 4(h) ) with the increase of WSPF. S-deprivation altered this picture in a differential manner. In blades (Figure 4(g) ), CAT activity per mg WSPF increased with the increase of WSPF in a stipper manner, whilst in sheaths this increase was rather weak (Figure 4(h) ). In roots no alteration in the correlation pattern was observed (Figure 4(i) ). Specific CAT activity on DM basis presented oscillations as DM increased. Trendlines were increased more or less in all three organs (Figures 4(j)-(l) ). S-deprivation seemed to reverse the oscillation pattern differentially for each organ type. In blades (Figure 4(m) ) specific CAT activity decreased and then increased with dry mass increase and the trendline remained increasing. In sheaths (Figure 4(n) ) specific CAT activity increased sharply and in roots (Figure 4(o) ) rather weakly. In both sheaths and roots the trendlines decreased (Figures 4(n) and (o) ).
Discussion
The initial 30 day period of maize plant is crucial for its establishment and growth. For the studied period (13 th -23 rd day after sowing), we showed that S deficiency led to reduction in soluble protein content and to differential fluctuations in the SOD and CAT activities in an organ specific manner. Plant responses to sulfur limitation are complex and can be divided into phases depending on the degree of S shortage. The initial responses are limited to adaptations within S metabolic pathway, whilst multiple metabolic pathways and developmental processes are affected when S-shortage becomes more severe [11] . From Table 1 it emerges that d6 seems to divide the responses into two phases. According to the literature, between the application of the S-deprivation treatment and the following morphological adaptations, the monitored early events include genes encoding the corresponding high-affinity transporters [12] and the production of ROS [13] among others. It is known that ROS act as signal molecules in all types of stresses [14] and there is abundant evidence that ROS play roles in cell growth, development, cell death, and stress responses. Spatiotemporal regulation of ROS production is an important factor for the control of the plant form. These ROS are produced by NADPH oxidases that generate using NADPH as an electron donor [15] . Especially H 2 O 2 is generated by various environmental and developmental stimuli. fore, its cellular levels are under tight control, and their maintenance has hallmarks of homeostatic regulation [16] . Over the last 20 years a large body of evidence has demonstrated unequivocally that H 2 O 2 is a key signalling molecule in plants [17] . In metabolically active tissues, GSH acts as a key redox buffer forming a barrier between protein Cys groups and ROS. Also GSH is a substrate for several reductive enzymes, including enzymes that reduce peroxides [17] . Plant metabolism is highly regulated and this regulation includes activation of molecular oxygen to produce ROS, particularly H 2 O 2 . The production of ROS is genetically programmed, induced during the course of development and by environmental fluctuations, and has complex downstream effects on metabolism [17] . In maize, ROS are needed for leaf expansion in the elongation zone [18] .
Under abiotic stress conditions, proteins are directly involved in plant stress response [19] . Change in redox environment of cells is reported to alter cellular metabolism and gene expression; Tewari et al. (2004) [20] have subjected hydroponically raised 14-day-old maize plants to various deprivations and assessed the differences in antioxidative responses in maize induced by the deficiencies of macronutrients S, N, P, K, Ca, and Mg. Fifteen days after commencement of each treatment, the activities of antioxidative enzymes of the third leaf expressed per mg protein were generally enhanced by the deficiencies of different macronutrients. The effect of S deficiency on CAT activity was insignificant. The SOD activity was significantly enhanced under deficient S supply [20] .
At the cellular level, it has been reported that S-deprivation affected the spatial and temporal distribution of ROS in maize leaves [21] . Hydroponically raised 13-dayold plants were subjected to S-deprivation for 12 days. Superoxide anions and H 2 O 2 in the second leaf of control plants were located mainly in the mesophyll, whilst in the second leaf of -S plants they were located in the parenchymatic sheath of the vascular bundles (VB). Addition of the superoxide dismutase inhibitor, N,N-diethyldithio-carbamate (DDC), resulted in an increased level of 2 
O
 in -S blades. The presence of superoxide anions was particularly evident in the cell walls between the VB of leaf 2 of -S plants. In contrast, there was a higher concentration of H 2 O 2 in control blades at day 12. Leaf 4 of the -S plants, had less 2 O  than control plants, and there was no detectable 2 O  in the VB. Conversely, in control leaves intense presence of 2 was observed inside and around the VB, in the area where the midvein VB develops [21] . O  S-deprivation changes mitochondrial function, cellular energy status and redox homeostasis [22] and there is mounting evidence for a pivotal role of redox-mediated signalling in root apical meristem organization and dy-namics, thus connecting root development to its environment [23] . In the root system of maize plants of the same age and hydroponically treated in similar way, ROS activity has been followed in connection with aerenchyma formation under S-deprivation conditions, a nutritional programmed cell death (nPCD) [24, 25] . ROS production contributs to this nPCD due to nutrient deprivation. It seems that perturbations in the energy and the redox status of specific cortex cell stimulate the activation process, which may include the enzyme NADPH oxidase [21] . The lower ATP concentration and the higher oxygen consumption observed at day 2 in S-deprived roots compared to the control indicated that nPCD may be triggered by perturbations in energy status of the root. ROS seem to contribute to nPCD initiation, with ROS possessing dual roles as signals and eliminators [26, 27] .
WSPF as well as dry mass accumulation are affected by the treatment. Therefore, we analyzed the fluctuations of SOD and CAT activities in relation to the increasing WSPF or DM. Both approaches (see Table 1 ) concurred to the same conclusion: differential early fluctuations of the same fashion, that are organ specific. We have shown [28] that within the period under consideration the course of nutrient concentration in the shoot and roots of young maize plants is related to the course of dry mass accumulation in an allometric pattern, and the exponent of the power function has been used to quantify the alterations of the allometric pattern that caused by the S-deprivation. The value of the exponent is given for each trendline of Figures 2-4 , thus providing a numerical index for the rating of the discussed effects of the deprivation on WSPF, SOD and CAT activities.
Taken together, the presented data indicate that during the first days of the treatment, rebalances in 2 O  and H 2 O 2 production and elimination activities take place. Especially the graphs of the variation of specific enzyme activity with dry mass accumulation corroborated this rebalancing. S-deprivation affected dry mass accumulation and altered the tendency of the trendlines and/or the fluctuation patterns of WSPF; in all three organs the trendlines decreased and in a stipper way. S-deprivation affected the balance between SOD and CAT activities; SOD and CAT specific activities presented different oscillation patterns with the increase of DM. The deprivation reversed the oscillation pattern of SOD and decreased the trendlines, whilst it seemed to reverse the oscillation pattern of CAT specific activities differenttially for each organ type. The reversals of the fluctuation patterns were found to be opposed to one another.
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